I. INTRODUCTION
Raman spectroscopy is one of the most commonly used techniques for the analysis of carbon-based materials. It is routinely used as a simple nondestructive method to analyze a wide range of carbon samples, from amorphous to crystalline. The Raman spectra of single crystal diamond consists of a Brillouin zone-center ͑⌫ point͒ T 2g mode at 1332 cm −1 , but various other peaks have been observed in the Raman spectra of micro and nanocrystalline diamond thin films.
The most controversial of these is the peak observed at 1150 cm −1 in the Raman spectrum of chemical vapor deposited ͑CVD͒ nanocrystalline diamond films. For many years it had been proposed that this peak originates from phonon modes with q 0, activated by the disorder induced by small grain sizes in nanocrystalline or amorphous diamond. 1, 2 This idea was reinforced by a maximum in the diamond vibrational density of states ͑at the L point͒ at a similar wave number ͑ϳ1240 cm −1 ͒. Recently, this theory has been rejected by a number of groups 3 for many reasons, including hydrogen isotope studies 4 and peak dispersion and intensity variation in resonant Raman spectroscopy using multiple excitation wavelengths 5 ͑633-244 nm͒. It has also been suggested that the diamond crystallites for which this peak were observed were not sufficiently small to allow phonons from the L point to be active in the Raman spectrum. 5 The results from these experiments suggest the mode is more likely due to polyacetylene-type structures located at grain boundaries and interfaces.
This type of problem is not limited to nanodiamond thin films. The Raman spectrum of shock synthesized nanodiamond powders also contains unassigned signals. In this case the mode of interest produces a broad signal around 500 cm −1 tentatively assigned as originating from transverse acoustic phonons near the Brillouin zone boundary or an amorphous sp 3 phase. 2, 6 Generally, any variation in the Raman spectrum of a nanocrystalline phase is described by relaxation of the q =0 selection rule, due to uncertainty in the value of the wave vector. This permits the activation of phonons that would not usually be observed in the Raman spectrum of the bulk material. Instead of taking the bulk material and studying the effects of reducing its size, it is often useful to take a molecule or small cluster reflecting the structure of the material and study the effects of enlarging it.
The Raman spectra of single crystal and microcrystalline graphite were first studied by Tuinstra and Koenig in 1970. 7 They observed a single peak at 1575 cm −1 for single crystal graphite which they attributed to the Brillouin zone-center ͑q =0͒ E 2g mode of the infinite crystal. The microcrystalline sample had a second accompanying peak at 1355 cm −1 which was ascribed to a Brillouin zone boundary A 1g mode, activated by particle size effects.
Recently, large polycyclic aromatic hydrocarbons ͑PAH-hydrogen terminated, molecularly defined, subunits of the graphite lattice͒ have been produced and studied as models for nanosized graphitic domains in carbon materials. been used to show that it is possible to relate the vibrational spectra of these large molecules to the nanocrystalline phase.
In 1991 Shen et al. 12 used molecular mechanics, semiempirical self-consistent field ͑SCF͒ methods and ab initio SCF theory to study small hydrogen-terminated carbon clusters as an approximation to diamond. Their comparison was based on calculated carbon-carbon bond lengths, total energies, and heats of formation of finite carbon clusters of T d symmetry, up to C 35 H 36 . Their study produced useful comparisons of the levels of theory available at that time but suffered from the computing power then available and the lack of experimental data on the clusters.
The isolation of higher diamondoids 14 ͑hydrogen terminated, molecularly defined, subunits of the diamond lattice͒ permits us to compare the ab initio Raman spectra of these carbon clusters with experiment. After selecting an appropriate level of theory, we consider cluster sizes up to a maximum of ϳ1 nm, and compare the calculated Raman spectra with those measured experimentally for nanodiamond films and powders.
II. THEORETICAL METHODS
Calculations were performed using either Hartree-Fock theory or the three-parameter hybrid functionals of Becke and the correlation functional of Lee, Yang, and Parr ͑B3LYP͒. A range of basis sets were used, a selection found as standard in the GAUSSIAN03 ͑Ref. 15͒ software suite, and also that of Sadlej. 16, 17 Geometries were optimized using the Berny algorithm, and vibrational frequencies were then computed by determining the second derivatives of the energy with respect to the Cartesian nuclear coordinates. Finally Raman intensities were produced by numerical differentiation of dipole derivatives with respect to the electric field. For very large molecules ͑up to C 969 H 324 ͒ the vibrational frequencies ͑but not Raman intensities͒ were calculated using a molecular mechanics force field. For these calculations we used the AMBER force field also included in the GAUSSIAN03 software suite.
The diamond structure belongs to the space group Fd3m; its associated point group is O h . It is not possible to produce a stable diamondoid molecule with this point group. Some symmetry elements of the O h group, such as the inversion center, only appear in the infinite diamond lattice. To keep the molecular approximation as close to the bulk as possible, we use the highest symmetry that can be achieved for stable diamond hydrocarbons-the T d point group. This is useful since the diamond zone-center phonon is triply degenerate ͑T 2g ͒ and this degeneracy is conserved when the symmetry is reduced to T d . Restricting ourselves to T d symmetry structures also reduces the computational cost, allowing the study of larger molecules. The constraint of T d symmetry leaves two distinct shapes of diamond hydrocarbons; tetrahedra and octahedra. Examples of these different shapes are ͓1͑2,3͒4͔ pentamantane, 14 a tetrahedral diamond hydrocarbon and ͓1231241͑2͒3͔ decamantane, 14 an octahedral diamond hydrocarbon.
III. SELECTING THE LEVEL OF THEORY
The first step is to compare the vibrational frequencies and Raman intensities produced by different theories and basis sets with experimentally determined values. Adamantane ͑C 10 with T d symmetry͒ is ideal for these purposes, being small enough to be computationally inexpensive but large enough to be broadly similar to diamond. To simplify the comparison, we ignore the high frequency CH stretch region and concentrate solely on the lower frequency vibrational modes that involve motion of the carbon atoms. Figure 1 shows the low frequency region of an experimental Raman spectrum of adamantane and a selection of different calculated spectra. The calculation producing frequencies and intensities closest to those in the experimental spectrum is also the most computationally expensive, using B3LYP and the pVTZ basis set of Sadlej, a combination renowned for costeffective theoretical vibrational spectra. 18 The vibrational frequencies ͑excluding the CH stretch modes͒ produced by this method are in error by ϳ1.3% when multiplied by the recommended scale factor of 0.9726. Sadly it is not possible to use this combination for any molecules larger than adamantane because the computational cost is far too great. To try to model effectively the Raman spectrum of a nanodiamond crystal it is clear that a compromise is needed. Using a lower level of theory and a smaller basis set considerably reduces the accuracy of the calculation, but allows larger molecules to be studied thereby improving the approximation of using a diamond hydrocarbon as a model for nanodiamond.
The other spectra shown in Fig. 1 are calculated with the following methods; ͑c͒ B3LYP/6-31G * , ͑d͒ HF/6-31G * , ͑e͒ HF/ 3-21G, and ͑f͒ HF/ STO-3G. The combination used in ͑c͒ is generally seen as the best to use for larger molecules and has frequently been applied to adamantane and its derivatives. [19] [20] [21] After multiplying the calculated vibrational frequencies by the recommended scale factors 22 there appears to be little difference between the frequencies and intensities produced by the different calculations. Percentage errors vary between 2 to 3% from B3LYP/6-31G * to HF/ STO-3G ͑again the CH stretch modes were not included in the error calculation͒. Increasing the size of the molecule to the C 26 hydrocarbon ͓͑1͑2,3͒4͔ pentamantane, the largest molecule in this study for which experimental data is available͒ yields similar results. This molecule is too large for the B3LYP/ Sadlej method, but all other methods produce similar results, although the HF/ STO-3G calculation is slightly poorer. The above investigation suggests that HF/ 3-21G is the optimum method to use, permitting the calculation of vibrational frequencies and Raman intensities of very large molecules of this type with acceptable accuracy.
Using this level of theory and working within the T d symmetry constraint permits the study of a reasonable selection of molecules, shown in Fig. 2 . The smallest molecule ͑a͒ C 10 H 16 is adamantane, the molecule used to select the level of theory. The bottom row contains the tetrahedral molecules, for which an experimental Raman spectrum only exists for ͑f͒ C 26 H 32 ͓͑1͑2,3͒4͔ pentamantane͒. The top row are the octahedral molecules, for which there are no experimental spectra. All of the carbons in the octahedral group are tertiary or quaternary except for the apexes of the octahedra which are secondary. It is possible to remove these secondary carbon atoms, effectively truncating the molecule, producing a cuboctahedral structure. By removing these atoms we are effectively performing a ͑100͒ surface reconstruction on the molecule, removing the CH 2 groups and bonding the remaining dangling bonds together. Two possible molecules can be produced in this way. The first ͓Fig.
2͑d͔͒ leaves a single hydrogen atom on each carbon in the bond ͓C͑100͒2 ϫ 1:H͔, while the second ͓Fig. 2͑e͔͒ leaves the carbons -bonded ͓C͑100͒2 ϫ 1͔. To check for any side effects from using only T d symmetry molecules, the vibrational frequencies and Raman intensities were calculated for a low symmetry ͑C 1 ͒ diamond hydrocarbon C 43 H 44 ͓Fig. 2͑i͔͒.
IV. RESULTS
To study the Raman active vibrational modes in molecules of this type we must first understand the Raman active vibration in diamond. The diamond structure has Fd3m symmetry and consists of two interpenetrating face-centeredcubic Bravais lattices, displaced along the body diagonal of the cubic cell by one quarter length of the diagonal. Alternatively, the structure can be considered as a face-centeredcubic lattice with a two atom basis. Due to the small wave vector of the optical photons, the phonons involved in the Raman scattering of crystalline solids have a very small momentum and only the zone-center phonons participate in the first-order Raman scattering. In diamond, the Raman active triply degenerate zone-center optic mode gives rise to the single first-order Raman signal at 1332 cm −1 . Using periodic Hartree-Fock ͑HF͒ theory, Causà et al. 23 obtained a vibrational frequency of 1484 cm −1 ͑44.5 THz͒. When scaled using the same factors as used for molecular HF theory 22 this reduces to 1342 cm −1 , close to the experimental value. The nuclear displacements associated with this phonon mode consists of the two carbon atoms in the basis moving in opposite directions, with all unit cells moving in phase. As the size of the crystal is reduced the Raman peak produced by the optical phonon is observed to shift to lower wave number and broaden due to particle size effects.
The calculated Raman spectra of all the molecules studied here are shown in Fig. 3 . The peaks have been given a peak width of 5 cm −1 , similar to the peak widths observed in our experimental data. 24 None of the spectra consist of a single peak at 1332 cm −1 so we are clearly some distance away from an infinite diamond lattice. All the spectra ͑except for that of C 10 H 16 ͒ can be separated into three parts ͑excluding the high frequency CH stretch modes͒; low frequency modes below 500 cm −1 , modes between 1000-1400 cm −1 , and a collection of modes at ϳ1500 cm −1 . The signals at ϳ1500 cm −1 are all due to CH 2 scissor modes and, as shown in Fig. 1 , are considerably weaker in the experimental than the calculated spectrum.
A. The first-order diamond Raman peak-the crystal-molecule transition
Before we consider how the results of our calculations relate to the controversial peaks observed in the Raman spectra of nano-phase diamond particles, we first discuss how these results relate to the bulk diamond 1332 cm −1 Raman signal.
Let us briefly consider the experimental Raman spectra produced by diamond in various forms, from infinite crystal through micro/ nanocrystalline and finally to amorphous. The bulk crystal produces a single sharp peak at 1332 cm −1 , due to the zone-center optical mode. As the crystallite size is reduced to a few hundred nanometers, this peak starts to broaden and shift to a lower frequency due to the relaxation of selection rules. At some point, the sample loses all longrange order and becomes amorphous. The Raman spectrum of amorphous diamond should resemble a broadened phonon density of states of bulk diamond, as seen for silicon and germanium. 25 This is rarely observed for diamond due to the tendency of carbon to form sp 2 hybridized structures, and hence the Raman spectra of amorphous carbon is similar to that of disordered graphite. The diamond phonon density of states contains several peaks, 26 most notably at ϳ1260 cm −1 and ϳ500 cm −1 . It is not too difficult to see how the appearance of peaks at similar frequencies to these in the Raman spectrum of nanocrystalline diamond are assigned as vibrational modes specific to nano-sized diamond crystals.
The final step in the reduction of crystallite size is towards discrete molecules. Unlike an amorphous network, which produces a broad Raman spectrum, molecules possess Raman spectra containing sharp, discrete signals. It would be expected then, that at a certain point, the reduction of the diamond crystallite size would start to produce discrete, molecularlike signals in the Raman spectrum.
The smallest nanodiamond powders that have been studied by Raman spectroscopy contain particles that vary in size between 2 -10 nm with an average grain size of 5 nm. For these particles, the bulk diamond 1332 cm −1 mode is downshifted by 7 cm −1 and broadened to a full width half maximum ͑FWHM͒ of 10 cm −1 . These values are slightly lower than predicted by phonon confinement models. For a 5 nm diamond crystallite, Yoshikawa et al. 6 predicted a downshift of 13 cm −1 and a FWHM of 38 cm −1 . Returning to the spectra calculated in this study, let us consider the variation in the spectra of the octahedral diamond hydrocarbons with increasing cluster size. The structures and calculated spectra of the octahedral diamond hydrocarbons are shown in Figs. 2 and 3͑a͒-3͑c͒ , respectively. The spectrum of the smallest molecule ͑C 10 H 16 ͒ contains several intense peaks that are reasonably evenly distributed in the range 600-1600 cm −1 . In the spectrum calculated for the next largest octahedral molecule ͑C 35 H 36 ͒, the intense signals have separated into two groups; the breathing mode/ cage deformations below 500 cm −1 and the CC stretch/CH bend modes in the region 1000-1500 cm −1 . Only a few weak signals are present between 500 and 1000 cm −1 . For the largest octahedral molecule studied here ͑C 84 H 64 ͒, the frequencies of the breathing mode/ cage deformations have reduced to below 400 cm −1 , increasing the separation between these two groups of intense signals. This separation of these two intense groups of signals is also observed in the spectra of the tetrahedral diamond hydrocarbons. From this we shall assume that as a cluster becomes larger, towards the grain size found in nanodiamond powders, the frequency of these breathing mode/ cage deformations reduces further still and hence would appear far from the broadened bulk diamond mode.
The frequencies of the intense CC stretch/CH bend modes remain within a reasonably constant range ͑1000-1500 cm −1 ͒ as the cluster size increases. The frequency of the zone-center optic diamond mode also lies within this range. The largest molecule studied here is approximately 1 nm in diameter, while nanodiamond particles have a diameter of ϳ5 nm. Yet the calculated spectrum of the ϳ1 nm diamond hydrocarbon contains sharp discrete lines over a 400 cm −1 range and the experimental Raman spectrum of nanodiamond particles contains a single broadened peak. At some grain size the Raman spectrum of a nanodiamond must change from a single broad peak to the discrete lines calculated for these large diamond hydrocarbons, but when does this change from nanocrystal to molecule occur?
First of all there are limitations to the experimental measurements. Experimental spectra are obtained from powdered samples, not isolated particles. The area of the sample analyzed contains a large number of particles, of various different sizes and structures. This large distribution of particles would lead to increased broadening of the bulk diamond peak, which is already broadened by phonon confinement. Now consider the calculated data. For the ϳ1 nm molecule, there are so many peaks due to CC stretching/CH bending modes in the 1000-1500 cm −1 region that the previously well-defined peaks are starting to coalesce. From our results on smaller molecules, in larger systems one would expect this region to become a broad unresolvable peak centered around 1250 cm −1 , 80 cm −1 lower than the bulk diamond Raman signal. This does not fit well with the experimental downshift of 10 cm −1 observed for the 5 nm diamond particles. The problem with considering the coalescence of this group of peaks is that the position and width of the broad feature produced is dependent on the relative intensities of the peaks in this 1000-1500 cm −1 region. We know from previous work that the accuracy of the calculated relative intensities of peaks over this region are poor when using a small basis set. Figure 4͑a͒ shows the experimental Raman spectrum of the largest isolated diamond hydrocarbon, the tetrahedral C 26 H 32 . It is clear that the intensities of the peaks in the 1300-1400 cm −1 region relative to neighboring peaks are severely underestimated using the HF/ 3-21G combination ͓Fig. 4͑b͔͒. Increasing the size of the basis set and adding diffuse and polarization functions greatly improves the agreement between the experiment and theoretical spectra in this region ͓Figs. 4͑c͒ and 4͑d͔͒. Comparing all the different basis set calculations, it appears that the intensity of the CH 2 scissor ͑ϳ1500 cm −1 ͒ and CH wagging ͑ϳ1200 cm −1 ͒ modes are strongly overestimated, relative to the 1300-1400 cm −1 region, without the use of both diffuse and polarization functions on carbon atoms. Using HF/6-31ϩG * , the largest diamond hydrocarbon for which we can currently calculate the Raman spectrum for is the octahedral structure C 35 H 36 .
The HF/ 3-21G and HF/6-31ϩG * spectra of C 35 H 36 are shown in Figs. 4͑e͒ and 4͑f͒ , respectively. The same trend observed in the C 26 H 32 calculated spectra are also observed here. The ϳ1200 cm −1 CH wagging modes have decreased in intensity and the 1300-1400 cm −1 range now contains many peaks which are beginning to coalesce.
So, if a larger basis set calculation on C 35 H 36 shows the beginning of a broadened structure centered around ϳ1330 cm −1 , and a reduction in prominence of the intense CH 2 scissors and CH wagging modes, how might this extrapolate to the ϳ1 nm cluster, C 84 H 64 ? The HF/ 3-21G calculation on C 84 H 64 also showed a cluster of peaks in the range 1300-1400 cm −1 becoming more intense relative to the strong CH wagging and CH 2 scissors modes. We now know that the 3-21G basis set underestimates the intensity of the cluster relative to the wagging/scissors modes. If the 6-31ϩG * basis set could be used for this larger molecule we would expect that the cluster centered around ϳ1330 cm −1 would become even more prominent, becoming a broad signal like that observed in the Raman spectra of nanocrystalline diamond powders.
Complete blurring of the cluster of peaks at ϳ1330 cm −1 into a broad signal has not occurred in any of the spectra of the large T d molecules here. However, the spectrum calculated using HF/ 3-21G for the C 1 symmetry molecule C 43 H 44 ͓Fig. 2͑i͔͒ shows a very broad signal over the range 1000-1400 cm −1 . The reduction in symmetry splits the degeneracy of the T 2 and E symmetry modes. If, using the HF/6-31ϩG * combination ͑or better͒, the Raman spectrum of a large, low symmetry diamond hydrocarbon were calculated, it should start to resemble the broadened optical mode peak seen in the Raman spectrum of nanodiamond particles.
Alternatively, if a sample of identical, perfect, T d symmetry nanodiamond particles were produced, the broadened optical mode should start to split into well defined peaks due to different surface/ bulk mixed vibrations.
B. The È500 cm −1 mode in the Raman spectrum of nanodiamond powders
The most intense peak in the low frequency region of all clusters is produced by the fully symmetric A 1 breathing mode. In the C 10 H 16 hydrocarbon this mode appears at 710 cm −1 and is calculated to be relatively weaker than observed in the experimental spectrum. From a comparison with experimental data and theory in previous work 24 we know that this underestimation continues for C 26 H 32 , and is therefore likely to be present in all the calculated spectra. The frequency of this breathing mode is strongly dependent on the dimensions of the molecule since it involves a simultaneous stretch of all carbon-carbon bonds in the molecule. This size dependence of the breathing mode frequency is FIG. 4 . Raman spectra of diamond hydrocarbons ͑a͒ experimental Raman spectrum of C 26 H 32 ͑peak at 518 cm −1 cropped for clarity͒, ͑Ref. 24͒ ͑b͒, ͑c͒, and ͑d͒ spectra of C 26 H 32 , calculated using HF theory and increasingly large basis sets, ͑e͒ and ͑f͒ spectra of C 26 H 32 , calculated using HF theory and the 3-21G and 6-31ϩG * basis set, respectively.
observed in the calculated data. 27 have suggested that modes similar to these might be the cause of the broad signal at around 500 cm −1 seen in the Raman spectrum of shock synthesized nanodiamond. Their study used density functional theory ͑B3LYP͒ and the 6-31G͑d͒ basis set to calculate the vibrational frequencies and Raman intensities of a selection of diamond hydrocarbons, polyaromatic hydrocarbons, and transpolyacetylene chains. To reveal the "characteristic signals" from each of these three types of structure they averaged the calculated Raman spectra of molecules of various sizes. They concluded that only the diamond hydrocarbon average had an intense peak at ϳ480 cm −1 , and that this could be used to identify nanocrystalline diamond using Raman spectroscopy.
The results of this study disagree with their assignment. For the diamond hydrocarbons in their study, the modes around 480 cm −1 are breathing modes and from what we have seen so far the frequency of these modes is strongly dependent on the size of the molecule. The molecules we are studying are much larger than those studied by Zhang et al. but considerably smaller than nanodiamond powders ͑Յ1 nm compared to Ն5 nm͒. Even when the size is that of C 87 H 76 the frequency of this mode is already far below 500 cm −1 . It is possible to calculate the normal vibrational frequencies ͑but not Raman intensities͒ for considerably larger molecules using a molecular mechanics force field instead of an ab initio method. Using the AMBER molecular mechanics method included in the Gaussian suite of software we have calculated the vibrational frequencies for octahedral clusters up to C 969 H 324 ͑ϳ2.8 nm diameter͒. Again, as the cluster size increases the wave number of the breathing mode decreases ͑Fig. 5͒, down to below 200 cm −1 for ϳ2.8 nm. It therefore seems unlikely that this type of mode might be responsible for the broad signal at ϳ500 cm −1 . It is possible that the breathing mode could be observed in the Raman spectrum of nanodiamond but it would be very close to the Rayleigh line ͑less than 100 cm −1 shift͒. If this line could be observed, its vibrational frequency should show a strong dependence on the size of the crystallite, producing a fast, nondestructive method of sizing nanodiamond crystals.
Low frequency Raman spectroscopy has been successfully used to determine the size of nanoscale quantum dot structures of various materials [28] [29] [30] [31] by using the size dependent frequency of various acoustic modes. Assignment of the observed modes is generally considered in terms of free vibrations of a homogeneous elastic sphere under stress-free boundary conditions, a theory due to Lamb 32 in 1882 which has recently been adopted and modified by many groups.
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Lamb's theory produces two types of vibrational mode, spheroidal and torsional, each with its own set of angular momentum numbers. For example the l = 0 spheroidal fundamental is similar ͑but not exactly equivalent to͒ the breathing mode observed in our calculations. A full study of this theory is beyond the scope of this work, but it would seem that the observation of Lamb modes in the low frequency Raman spectrum would be the easiest way to prove a sample was truly nanocrystalline.
To conclude this section, it appears that there is no simple explanation for the broad ϳ500 cm −1 wave number vibration seen in nanodiamond, but it is unlikely to be due to the full-molecule breathing modes as suggested by Zhang et al. 27 because of the sharp reduction in the vibrational frequency of this type of mode as the dimensions of the molecules increase. In addition to this, in the previous section we predicted that the other intense peaks observed in the calculated spectra ͑the 1000-1400 cm −1 region͒ should coalesce into the broadened optical mode seen in the nanodiamond Raman spectrum. Thus we find no evidence for any strongly Raman active vibrations of nanodiamond, apart from the broadened optical mode and the low frequency breathing/Lamb-type modes. Since the 500 cm −1 peak is absent in our perfect diamond molecule model, this peak must be due to imperfections in the nanocrystals or at their surfaces. As part of this work we have briefly studied the ͑100͒ defect/surface reconstruction. The ͑100͒ 2 ϫ 1 reconstruction does produce extra signals in the Raman spectra, due to the sp 2 out-ofplane bending modes, but these are at ϳ750 cm −1 , far from the ϳ500 cm −1 of the experimental peak. Calculation of the Raman spectra of a selection of common defects/surface reconstructions might well yield a possible assignment of this signal, but it is beyond the scope of this study.
C. Decoupling the hydrogen motion-nanodiamond thin films
The conclusions from the section above can be applied to the Raman spectrum of isolated nanodiamond single crystals ͑as in nanodiamond powders͒, but not to thin films of nano- diamonds connected by grain boundaries. The approximation of a hydrogenated surface is fair for an isolated crystal, but in a thin film the diamond crystals are covalently bonded to an amorphous carbon matrix.
Previously, Negri et al. 8 have approximated the Raman spectrum of a matrix-confined graphite crystal by taking a hydrogen-terminated PAH molecule and changing the edgeterminating hydrogen mass to 100 amu. This artificial increase in the hydrogen mass separates the frequencies of the bulk stretching modes and surface atom bending modes, removing the strong mode mixing which occurred in the region 1000-1400 cm −1 when the mass of H is 1 amu. In the Raman spectra produced by nanodiamond films the peak assigned as nanophase diamond occurs at ϳ1150 cm −1 , although the evidence for this being due to polyacetylene structures at surfaces and grain boundaries is very strong. 3 Using this H mass= 100 amu method of approximating an amorphous carbon network surrounding the diamond crystal, we have calculated the Raman spectra for confined versions of the diamondoid hydrocarbons studied above. Figure 6 shows the constrained spectra for the octahedral C 84 H 64 , the 2 ϫ 1 : H reconstructed C 78 H 52 , and the 2 ϫ 1 reconstructed C 78 H 40 . The number of signals in the spectra have reduced considerably, especially in the unreconstructed case where there is effectively only one strong signal ͑1317 cm −1 ͒. The nuclear displacements of this mode are very similar to the 1332 cm −1 zone-center mode seen in the Raman spectrum of single crystal diamond. It is triply degenerate and is produced by the same carbon-carbon bond stretching motions as described above. This mode is produced by all the diamond hydrocarbons studied here when constrained, even the small C 10 structure of adamantane. This suggests that if an adamantane derivative could be synthesized with a full surface termination of a heavy substituent such as bromine, instead of hydrogen, it should have a Raman spectrum very similar to that of diamond. This is confirmed by a HF/3-21G* calculation, although there is a shift in the vibrational frequency of this stretching mode ͑to 1000 cm −1 ͒ caused by strain in the carbon bonds due to the steric repulsion of the large bromine atoms.
The only other peaks in the C 84 H 64 spectrum are ͑i͒ another stretching mode at 1298 cm −1 similar to the diamond zone-center mode but the direction of the stretching motion is opposite on each side of the molecule, and ͑ii͒ another weak cluster of CC stretch modes around 1225 cm −1 , which is very close to the maximum in the diamond vibrational density of states. These other modes are relatively weak compared to the intense main peak.
The constraining of the two reconstructed diamond hydrocarbons gives us an insight into the effect of imperfections in the grain boundaries of nanodiamond films upon their Raman spectra. The 2 ϫ 1 : H reconstruction introduces strain in the molecule and results in significant changes in geometry from that adopted in the diamond structure. This produces a more complex spectrum compared with the unreconstructed molecule, although all the very strong signals still feature vibrations similar to the diamond zone-center mode, just perturbed by the reconstruction.
The 2 ϫ 1 reconstruction introduces some sp 2 bonds into the structure and hence some new signals into the spectrum. The spectrum of this reconstruction features similar smearing of the diamond zone-center-like vibration as the 2 ϫ 1:H, but there are also signals similar to those seen in the unconfined molecule. The carbon-carbon sp 2 bond stretch is again at ϳ1420 cm −1 and there are also the sp 2 out-of-plane bending modes around 750 cm −1 . The calculated spectrum of confined C 1 symmetry diamond hydrocarbon ͓Fig. 2͑i͔͒ is similar to that of the unreconstructed C 84 H 64 ͑Fig. 6͒. The only large difference between these two spectra is the broadening of the single sharp peak because of the splitting of the degeneracy of the T 2 mode.
The breathing mode is still present in the spectra for all these constrained structures but there is a considerable decrease in the vibrational frequencies ͑C 84 H 64 reduced to 109 cm −1 ͒ and intensities. This does not rule out the use of these breathing modes for sizing nanocrystalline diamond thin films. Much of the low-frequency Raman work mentioned above is performed on quantum dot structures confined in a matrix of various types of glass. The theory produced by Lamb has also been modified to include the effects of a confining material, and they also predict a reduction in frequency dependent on the sound velocities in the matrix material. 29 Again, apart from the optical mode and the breathing/ Lamb modes, we have seen no evidence for other modes produced by the diamond nanocrystal. This suggests that any extra peaks seen in the Raman spectra of nanocrystalline diamond films are due to defects, or structures at grain boundaries and surfaces.
V. CONCLUSIONS
In this study we have used ab initio methods to calculate the Raman spectra of a selection of T d diamond hydrocarbons up to 1 nm in size. All ͑H mass= 1͒ spectra consist of three regions, the high wave number CH stretch region, a broad region of strongly mixed CC stretch/CH bend modes between 1000-1400 cm −1 , and the low wave number breathing mode/cage deformation region Յ500 cm −1 . The HF/3-21G level of theory was found to produce ͑scaled͒ vibrational frequencies and intensities comparable to higher levels/larger basis sets, although the relative intensities showed marked improvement with the addition of diffuse and polarization functions ͑6-31ϩG
* ͒. The model of perfect T d symmetry clusters is able to explain the changes in the Raman active optical phonon frequencies with particle size. Experimental data are generally obtained from a wide distribution of particle sizes and morphologies. If calculations could be performed on a larger data set featuring lower symmetries, a summation of all the spectra would approach the experimental data. Alternatively, if a powder of nanometer-sized perfect, identical diamond crystals could be produced, its Raman spectrum must resemble those calculated here.
From the strong size dependence of the breathing mode frequency we have shown that these vibrations cannot be the origin of the broad ϳ500 cm −1 signal seen in the Raman spectrum of nanodiamond powders. For a ϳ1 nm diamond crystallite the breathing mode frequency has already dropped below 400 cm −1 . It is possible that this signal may be due to defects or surface reconstructions not featured in this study becoming more prominent as the surface-to-bulk carbon ratio increases. Future work will calculate the Raman spectra of a set of defective diamond particulates to try and determine a likely candidate for the cause of the ϳ500 cm −1 signal. Unfortunately these defects will break the high symmetry of these molecules making these calculations currently too time consuming. The change in breathing mode/cage deformation vibrational frequency observed might be very useful for sizing nanodiamond particles, but the signals would appear closer to the Rayleigh line ͑Ͻ100 cm −1 shift͒ than suggested by Zhang et al.
By changing the mass of the terminating hydrogen atoms we have shown that the Raman spectrum of a confined diamond crystal will be strongly dependent on the crystal surface termination. This leads us to believe that nanodiamond particles with a hydrogen terminated or reconstructed surface will have a very different Raman spectrum to that of a nanodiamond film where the crystallites are confined within a matrix of amorphous carbon and other crystallites. The Raman spectrum of even small clusters is dominated by a carbon-carbon stretch very similar to that observed in the Raman spectrum of diamond. This suggests that even a section of the diamond lattice as small as a single unit cell, trapped in a matrix should produce a signal close to 1332 cm −1 . The problem is whether or not the signal is masked by the signal from the matrix. This is probably the case for all CVD nanodiamond films where the sp 2 grain boundaries have a much higher Raman cross section and are resonantly enhanced.
To conclude, the analysis of the calculated spectra of these diamond hydrocarbons, both confined and unconfined, shows little evidence to suggest any diamond density-ofstates-like features in the Raman spectrum of nanocrystalline diamond films and powders. We propose that any such peaks observed are due to defects, surface structures, amorphous material, or any other nondiamond material in the sample, and are not definitive evidence for nanocrystalline diamond within a sample.
